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The p r e d i c t i o n  o f  t h e  complete f low f i e l d  i n  a t u r b i n e  passage i s  an extremely 
d i f f i c u l t  task  due t o  t h e  complex three-dimensional p a t t e r n  which conta ins separa- 
t i o n  and attachment l ines,  a saddle p o i n t  and horseshoe vor tex  (F-ig. 1).  Whereas, 
i n  p r  i n c i  p l  e such a problem can be sol  ved using f u l l Nav ier-Stokes equations, i n  
r e a l i t y  methods based on a Navier-Stokes s o l u t i o n  procedure encounter difficulty i n  
accurate ly  p r e d i c t i n g  sur face q u a n t i t i e s  (e.g. heat  t r a n s f e r )  due t o  g r i d  l i m i t a -  
t i o n s  imposed by t h e  speed and s i z e  o f  t h e  e x i s t i n g  computers. On t h e  o ther  hand 
t h e  o v e r a l l  problem i s  s t rong ly  three-dimensional and t o o  complex t o  be analyzed by 
t h e  cu r ren t  design methods based on i n v i s c i d  and/or viscous s t r i p  theor ies.  Thus 
t h e r e  i s  a s t rong need f o r  enhancing t h e  cu r ren t  p r e d i c t i o n  techniques through 
inc lus ion  o f  3-D viscous e f fec ts .  A p o t e n t i a l l y  simple and cos t  e f f e c t i v e  way t o  
achieve t h i s  i s  t o  use a p r e d i c t i o n  method based on three-dimensional boundary layer  
(3-DBL) theory. The major o b j e c t i v e  o f  t h i s  program i s  t o  assess t h e  a p p l i c a b i l i t y  
o f  such a 3-DBL approach f o r  the  p r e d i c t i o n  o f  heat loads, boundary layer  growth, 
pressure losses and st reaml ine skewing i n  c r i t i c a l  areas o f  a tu rb ine  passage. A 
b r i e f  d iscussion o f  t he  physical problem addressed here along w i t h  t h e  ove ra l l  
approach i s  presented i n  the  f o l l o w i n g  paragraphs. 
I n  the  present inves t iga t ion ,  zonal concepts are u t i l i z e d  t o  de l ineate  regions 
of a p p l i c a t i o n  o f  3-DBL theory--these being t h e  endwall, suc t ion  and pressure sur- 
faces. Each o f  t h e  regions se lec ted f o r  t h i s  i n v e s t i g a t i o n  has some unique 
features. For exampl e, t h e  experimental data o f  Ref. 1 f o r  t h e  sur face stream1 i ne 
p a t t e r n  (Fig. 2a) and the  corresponding Stanton (S t )  number d i s t r i b u t i o n  (Fig. 2b) 
f o r  t he  endwal l reg ion o f  a p l  anar cascade d i sp l ays s t rong three-d imens iona I e f f e c t s  
due t o  sweeping o f  t h e  boundary layer  across t h e  passage from the  pressure t o  the  
suc t ion  surface. A mod i f ied  vers ion  o f  t h e  3-DBL code o f  Ref. 2, named "TABLETw 
( Ihree-  Dimensional A lgor i thm f o r  Boundary-layer Equations i n  I u r b u l e n t  Flows) w i l l  
be used t o  analyze the  viscous f low downstream o f  the  attachment l i ne between t h e  
pressure and suc t i on  sur face junctures i n  t h e  endwall region. 
The second reg ion o f  I n t e r e s t  i s  t he  t u r b i n e  blade suc t ion  surface. As shown 
i n  Fig. 3a, t h e  growth o f  endwall boundary layers  produces inward d e f l e c t i o n  o f  t h e  
st reaml ines along t h e  suc t ion  surface. Thus s t rong crossf low v e l o c i t i e s  are  induced 
from t h e  endwall reg ion towards midspan and t h e  f low becomes progress ive ly  more 
three-dimensional as the  t ra i l i ng -edge  i s  approached. The e f f e c t  o f  cross f low 
induced three-dimensional i ty  i s  a l so  c l e a r  from t h e  measured S t  number d i s t r i b u t i o n s  
(Ref, 1 )  shown I n  Fig. 3b. The "TABLETu code w i l l  be used t o  analyze the  f low and 
p r e d i c t  t h e  e f f e c t  o f  s t reaml ine convergence on S t  number d i s t r i b u t i o n s  i n  t h e  
reg ion which l i e s  downstream o f  the  leading-edge and between t h e  separat ion l i n e  and 
m i dspan, 
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The f i na l reg ion o f  i n t e r e s t  i s  t h e  pressure s i  de o f  t h e  b l ade. Here, t h e  
three-dimensional i ty  i n  t h e  f low i s  induced by a d i f f e r e n t  mechanism altogether-- 
namely, t h a t  o f  blade ro ta t i on .  A t y p i c a l  s t reaml ine pa t te rn  on t h e  pressure 
sur face o f  a r o t a t i n g  blade obta ined from Ref, 3 i s  presented i n  Fig. 4, where a 
s t rong outward r a d i a l  f low was encountered. Due t o  t h e  lower f low v e l o c i t i e s  i n  t h e  
viscous-layer, t h e  f low c lose t o  t h e  wa l l  i s  skewed outwards more than t h e  i n v i s c i d  
f low. The f low downstream o f  t h e  leading-edge and away from t h e  hub w i l l  be 
analyzed t o  assess the  #lTABLETw code f o r  p r e d i c t i n g  r a d i a l  out f low o f  sur face 
streaml i nes due t o  b l  ade r o t a t i  on e f fec ts .  
The computer code "TABLETw being used i n  t h i s  i nves t i ga t i on  solves t h e  f i n i t e -  
d i f f e rence  form o f  t he  compressible 3-DBL equations ( i n c l u d i n g  t h e  energy equat ion)  
i n  a nonorthogonal sur face coordinate system. An e f f i c i e n t ,  i m p l i c i t ,  f u l l y  coupled 
f i n i t e - d i f f e r e n c e  s o l u t i o n  procedure i s  employed. Boundary cond i t i ons  are  obta ined 
from experimental data t o  e l im ina te  e r r o r s  associated w i t h  i n v i s c i d  approximations. 
S t a r t i n g  s o l u t i o n s  along two in f l ow  boundaries (se lec ted from c lose examination o f  
data) a re  obta ined by s o l v i n g  t h e  appropr ia te  l i m i t i n g  form o f  t h e  3-DBL equations. 
Sample so lu t i ons  obtained t o  date w i l l  be described i n  the  next  few paragraphs. 
The f i r s t  t e s t  case fo r  t h i s  i n v e s t i g a t i o n  was selected t o  e s t a b l i s h  the  
accuracy o f  t he  present 3-DBL code f o r  analyz ing passage flows. For t h i s  reason, 
the  f low i n  a 60 deg curved duct, f o r  which an extensive s e t  o f  data i s  a v a i l a b l e  i n  
Ref. 4, was computed using t h e  "TABLET1' code. The schematic o f  t h e  f low problem 
along w i th  t h e  nomenclature and loca t ions  o f  t h e  measuring s t a t i o n s  i s  shown i n  Fig. 
5. The two in f low boundaries f o r  t h i s  problem were selected t o  be along l i n e  A and 
along t h e  r a d i a l  l i n e  a t  S t a t i o n  1. Streamwise v e l o c i t y  p r o f i l e s  along these in f l ow  
boundaries were generated from W h i t f i e l d ' s  wall-wake c o r r e l a t i o n  (Ref. 5 )  which uses 
exper imental ly  measured values o f  t he  s k i n  f r i c t i o n  c o e f f i c i e n t ,  momentum-thickness- 
Reynolds number and shape f a c t o r  as input.  Cross-flow v e l o c i t y  p r o f i l e s  along t h e  
in f low boundaries were generated from Magerls (Ref. 6) cross-f low representa t ion  
using measured skewing of sur face streamlines. The "TABLETw code has been used t o  
compute the  v i  scous f l ow on the  upper wa l l o f  t he  curved duct  from S t a t i o n  1 t o  
S t a t  ion 15 i n  the  streamw i se d i r e c t i o n  and from the  pressure s ide  A t o  t h e  suc t ion  
s ide  E i n  t h e  spanw i se  d i rec t i on .  The pred ic ted values f o r  a l  l the  i n teg ra l  
p roper t ies  and the  s k i n  f r i c t i o n  c o e f f i c i e n t  compare very wel l  w i th  the  measured 
data. A t y p i c a l  comparison from t h i s  study i s  presented i n  Fig. 6 where t h e  sur face 
st reaml ine skewing angle, Bw, i s  shown. Th is  f i g u r e  c l e a r l y  ind ica tes  t h a t  
r e l a t i v e l y  la rge skewing o f  sur face streamlines, t y p i c a l l y  encountered i n  t u r b i n e  
passage flows, can be accurate ly  p red ic ted  using t h e  present 3-DBL analysis. 
The next  t e s t  case chosen f o r  t h i s  study i s  t h e  f low i n  t h e  endwal l reg ion o f  a 
t u r b i  ne passage. The sur f  ace streaml 1 ne p a t t e r n  and S t  number d l  s t r  i bu t ion  f o r  t h  l s 
case have already been shown i n  Figs, 2 (a )  and (b).  F igure  7a shows t h e  schematic 
diagram o f  t h e  computational mesh which cons is t s  o f  boundary f i t t e d  l i n e s  a t  con- 
s t a n t  percentage p i t c h  locat ions  and v e r t i c a l  l i n e s  a t  constant percentage ax ia l  
locat ions. The upstream i n f  low boundry i s  selected t o  be t h e  l i ne a t  10 percent 
chord d is tance downstream o f  t h e  leading edge and t h e  pressure s ide  i n f l ow  boundary 
i s  taken t o  be along the  i n t e r s e c t i o n  o f  endwall and pressure surfaces (Fig. 7a), 
Loca l l y  s i m i l a r  so lu t i ons  are used along these in f l ow  boundaries t o  generate the  
s t a r t i n g  p r o f i l e s .  Since the  l oca t ion  and ex ten t  o f  t h e  t r a n s i t i o n  zone i s  no t  
known f o r  t h i s  problem, a p re l  iminary case has been run by assuming t h a t  t h e  f low i s  
f u l l y  laminar i n  t h e  leading-edge reg ion and it t r a n s i t s  t o  t u r b u l e n t  f low instan- 
taneousl y a t  t he  second streamw i se  mesh p o i n t  (x/Bx = 0,9051, The computed Stanton 
( S t )  number d i s t r i b u t i o n  a t  x/Bx = 0.2, 0.4, 0.6 and 0.8 i s  shown i n  Fig, 76 along 
w i t h  the  measured data. The pred ic ted va l  ues o f  S t  number d i  sp l  ay t h e  c o r r e c t  
qua1 i t a t i v e  v a r i a t i o n  when t r a v e r s i n g  from pressure s ide  t o  suc t ion  s ide  over t h e  
reg ion considered here. Keeping i n  m l  nd t h e  f a c t  t h a t  no attempt has been made t o  
modify the  turbulence model, t h e  present r e s u l t s  a re  very encouraging. A s e n s i t i -  
v i t y  study w i l l  be conducted t o  determine t h e  e f f e c t  o f  changes i n  t r a n s i t i o n  loca- 
t i o n  and turbulence model on t h e  S t  number d i s t r i b u t i o n  I n  t h e  near future. 
It i s  p l  anned t o  use t h e  "TABLETw code f o r  p r e d i c t  1 ng t h e  viscous flow on t h e  
suc t ion  surface o f  t h e  blade t o  study t h e  e f f e c t  o f  s t reaml ine convergence on heat 
t rans fer .  F i  na l l y, t h  i s  code w i l l be used t o  pred f c t  t h e  skew i ng of sur f  ace 
stream1 i nes on the  pressure sur f  ace of t h e  r o t a t i  ng t u r b  i ne b l  ade of Ref. 3, t o  
complete the assessment of t h e  a p p l i c a b i l i t y  o f  t h e  3-DBL theory f o r  analyz ing 
viscous flow i n  a t u r b i n e  passage, 
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Fig. 1. Schematic of Flow in a Turbine Passage 
-0.4 
-0.4 0 0.4 0.8 1.2 1.6 
Xlb, 
Fig. 2a. Endwall Surface 
Limiting Streamlines 
-0.4 0 0.4 0.8 1.2 1.6 
XI", 
Fig. 2b. Endwall Stanton 
Number Contours 




- t  ----- - - --  --'-- - --  I 
.SEPARATION STREAMLINE ! 
1 I 1 I I I I I I I 
18 16 14 12 10 8 6 4 2 0 
STREAMWISE SURFACE DISTANCE - inches 
18 16 14 12 10 8 6 4 2 0 
STREAMWISE SURFACE DISTANCE - inches 
F 









SELECTED MEASURING STATIONS 
Fig. 5. Schematic of Experimental Setup 
for Flow in a Cunred Duct 
40 
20 










0 PRESENT RESULTS 
2 4 6 8 10 12 14 16 
STREAMWISE STATION NUMBER 
Fig. 6. Wall Cross Flow Angle Distribu 
for Flow in a Curved Duct 
Fig. ?a, Schematic Diagram of Endwall 
Computational Regiom 
t ion 
0 0 EXP. DATA (REF. 1) I 
- PRESENT RESULTS 
0.003 
NORMALIZED DISTANCE, (Y-Yp~s~)l(Ys~s,-yp~s,) 
Fig. 7b. Comparison of Endwall Stanton 
Number Distributions 
